Ghrelin is a peptide hormone which plays important role in maintaining growth hormone release and energy homeostasis in vertebrates. Spirulina platensis (SP) has antioxidant and hypolipidemic effects due to its ingredients. In this study we aimed to investigate the effects of SP on the testicular structure and relation between ghrelin and testosterone in the testis of rats fed a high fat diet (HFD). Sixty four young adult male rats were used and divided to 8 equal groups. Experimental groups received addition of 10% cholesterol (CHL), 43% hydrogenated vegetable oil (HVO) and 3% SP alone or in combination to basal diet while the control group received only basal diet. Serum ghrelin and testosterone levels were measured with ELISA. Receptors for ghrelin and androgen were detected with immunohistochemistry. For histomorphometric investigation, tubulus seminiferus, intertubular area, tubulus seminiferus lumen, Leydig cell nucleus, Sertoli cell nucleus, germ cell nucleus, spermatocyte nucleus and elongated spermatid volume densities were determined stereologically. Serum ghrelin level was increased especially in HVO and CHL combination group compared to the control while serum ghrelin levels were close to control levels in SP-received groups. Ghrelin receptor level was increased in tubulus seminiferus with HVO+CHL administration but this effect was, however, limited in HVO+CHL and SP challenged groups. HVO+CHL administration caused a significant decrease in Leydig cell nucleus volume density, as well as in all SP-received groups, compared to the control. Significantly increased spermatocyte nucleus volume density in cholesterol-receiving groups was decreased to control level with SP alone and its combinations.
Introduction
Obesity, which is common due to excessive consumption of high fat foods, is associated with a deficiency of antioxidant defense capacity and an increase in oxidative stress (Meineri et al. 2009 ). This medical condition has been defined as a risk factor for certain reproductive and metabolic disorders (Mayes and Watson 2004) . It has been known for some time that obese men exhibit decreased levels of total testosterone (Glass et al. 1977) and high fat diet (HFD) has been reported to cause decreased testosterone levels in rats (Erdemir et al. 2012) .
Ghrelin discovered by Kojima et al. (1999) is a peptide hormone and is mainly produced by the oxyntic cells in the gastric mucosa, whereas it is also expressed in minor amounts in other organs including gonads (Gualillo et al. 2003, Kojima and Kangawa 2005) . Ghrelin plays important roles for maintaining GH release and energy homeostasis in vertebrates (Kojima and Kangawa 2005) . Ghrelin has several effects including regulation of reproductive functions, pregnancy and lactation (Repaci et al. 2011) . It was also proven to significantly inhibit, in a dose-dependent manner, stimulated testosterone secretion (García et al. 2007 ). However, there are few data on reproductive outcomes in the obese male. Although studies reporting the relation between obesity and male infertility are available, the exact mechanisms that underlie infertility have not been documented well (Vigueras--Villaseñ or et al. 2011) .
Spirulina is a microscopic filamentous blue-green alga (photosynthesizing Cyanobacterium) that is rich in proteins, vitamins, essential amino acids, minerals and essential fatty acids (Dartsch 2008) . The antioxidant (Dartsch 2008) and hypolipidemic (Small 2011 , Strasky et al. 2013 properties of Spirulina have been reported previously.
In this study we aimed to investigate the relationship between ghrelin and dietary Spirulina platensis with an emphasis on the effects on the testis tissues of rats fed a high fat diet.
Materials and Methods

Animals
Our experiment was approved by the Animal Care and Use Committee of Istanbul University (Ethics committee number: 2011/20). All animals were housed in polypropylene cages in a controlled environment and under a 12 h dark/12 h light cycle. Animals were fed ad libitum.
In the present study 64 young adult male 
Hormone Analyses
Serum Testosterone Levels: The blood tubes were centrifuged at 2.500 x g for 15 min, the serum samples were aliquoted in 1.5 mL microcentrifuge tubes and then stored at -80 o C until use. All the samples were measured together to avoid inter-assay variation. A commercial ELISA kit was used for the quantitative determination of testosterone in rat serum (Catalog no. YHB1031Ra; Shanghai Yehua Biological Technology Co. Ltd, China). The lowest limit of the assay was 0.25 nmol/L. Test's intra-assay and inter-assay coefficients of variations (CVs) were under 10% and 12%, respectively. Serum Ghrelin Levels: Serum ghrelin levels were determined by enzyme immunoassay using a commercial kit (A05118, SPI-BIO Bertin Pharma, F-78180 Montigny le Bretonneux, France).
Immunohistochemistry (IHC): Ghrelin receptor (GR), androgen receptor (AR) and proliferating cell nuclear antigen (PCNA) levels were examined immunohistochemically. The streptavidin-biotin complex (StrepABC) method was applied. 4 μm thick sections were collected on positively charged slides, deparaffinized in xylene and rehydrated in a descending series of ethanol. The sections were subjected to antigen retrieval in citrate buffered solution (pH 6.0) for 10 min in a microwave oven at 700 Watts. Endogenous peroxidase was eliminated by incubation in 3% H 2 O 2 (Merck, 1.08597) in phosphate-buffered saline (PBS; 0.01 M; pH 7.4) for 10 min. They were blocked in a blocking buffer (Thermo Scientific, TA-125-UB; Deutsch, Germany) for 10 min at room temperature. Afterwards, they were incubated with GR; 1:300 (Abcam, ab85104), AR; 1:200 (Santa Cruz, sc-816) and PCNA; 1:100 (Santa Cruz, sc-7907) antibodies overnight (18 hours) at 4 o C. The sections were incubated with biotinylated goat anti-rabbit antibodies (Thermo Scientific, TP-125-BN) for 30 min at room temperature. They were then incubated with streptavidin-peroxidase label reagent (Thermo Scientific, TS-125-HR) for 30 min at room temperature. Colored product was developed by incubation with AEC (3-amino-9-ethyl carbazole) substrate kit (Thermo Scientific, TA-004-HAC) for 10 min. The sections were counterstained with Mayer's haematoxylin for 1 min and mounted in vision mount. Control procedures were performed on adjacent sections of the same slides. No immunolabelling was detected when the primary antibody was omitted or replaced with PBS.
DNA Fragmentation: A commercially available terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay kit (S7101, ApopTag Plus Peroxidase In Situ Apoptosis Kit, MILLIPORE, Massachusetts, USA) was used to detect apoptosis in testis tissue. After being deparaffinized in xylene, the sections were digested with 20 mg/ml proteinase K (Sigma-Aldrich, St. Louis, MO) at room temperature for 15 min, incubated at room temperature for 5 min in 3% H 2 O 2 in PBS to quench endogenous peroxidase. They were then incubated with equilibration buffer at room temperature for 30 min, followed by the application of TdT enzyme for 1 h at 37 o C. Anti-digoxigenin peroxidase was applied for 30 min at room temperature. Methyl green was used for counterstaining. Distilled water was used instead of TdT for negative controls (Taskin et al. 2009 ).
Evaluation of GR Immunostaining: Immunostaining for GR was quantified using a histological score (HSCORE) (Senturk et al. 1999 , Taskin et al. 2008 . Briefly, tissue sections were stained with antibody against GR, and then observed under an Olympus microscope equipped with a special ocular grid. Cells were counted in eight different fields at 400x magnification. Based on staining intensity, positively stained cells were scored as: 0, no staining; 1, weak staining; 2, distinct staining; 3, intense staining. For each slide, an HScore value was calculated as: HScore = Pi (i + 1) where "i" is the intensity score and "Pi" is the corresponding percentage of cells with that score.
Evaluation of AR Immunostaining: Semi quantitative evaluation was carried out in 7-8 fields in every section for androgen receptor immunostaining, and positively stained cells were scored as: 0, no staining; 1+, weak staining; 2+, distinct staining; 3+, intense staining (McKinnell et al. 2001 ).
Proliferation and Apoptotic Index:
Positively stained cells from each slide prepared for IHC and TUNEL techniques were considered to calculate proliferation and apoptotic indices. Eight microscopic fields with around 800-1000 cells were counted per each slide at 400x magnification (Taskin et al. 2008) .
Statistical Analysis: All evaluations were performed independently by two blinded observers. All slides were observed and photographed using a Leica DM4000 B microscope (Leica). Cell count results were statistically analyzed by the one way ANOVA and Duncan tests, whereas ghrelin and testosterone levels, IHC, ghrelin HSCORE and testosterone distribution results by the ANOVA and Kruskal Wallis methods, by using SPSS (version 13.0) program for all analyses. The results were expressed as mean ± SE. A value of p<0.05 was considered statistically significant.
Histomorphometric Evaluation: Tubulus seminiferus volume density, tubulus seminiferus lumen volume density and volume densities of intertubular area, Leydig cell nucleus, Sertoli cell nucleus, germ cell nucleus, spermatocyte nucleus and elongated spermatid were measured using stereological methods based on point counting. A total of 30 random fields from three sections taken from three different parts of the left testis of each animal were selected for measurements.
Results
There was no statistically significant difference between groups in terms of right testis weight (RTW), left testis weight (LTW), total testis weights (TTW) and gonado-somatic indices.
Serum Testosterone Levels: Serum testosterone level was only increased in HVO+CHL+SP group (G8) (p<0.01), while its levels in other groups were close to that of the control group (Fig. 1A) .
Androgen Receptor Levels: A decrease (p<0.001) in AR level in Sertoli cells, Leydig cells and myoid cells was observed in HVO (G2), CHL (G3), and especially in HVO+CHL (G4) groups (Fig.  1B,1C,1D ). Similarly, a significant decrease (p<0.001) in AR level occurred in pre-spermatid cells of HVO group (G2) (Fig. 1E) , while spermatid cells of CHL group (G3) showed a significant increase (p<0.001) in AR level (Fig. 1F) . These levels became close to the control level with SP combination (G6-7). In HVO+CHL+SP group (G8) AR level was significantly increased in pre-spermatid cells (p<0.001) (Fig. 1G) , in parallel to the increase in serum testosterone level.
Spirulina platensis affects factors involved... 
HVO+CHL
Serum Ghrelin Levels: Serum ghrelin level was increased especially in HVO+CHL group (G4) compared to the control (G1) (p<0.05), while there was no difference in HVO group (G2). Serum ghrelin levels were close to control levels in SP receiving groups (G5-8) (Fig. 2A) .
Ghrelin Receptor Levels: HScore results showed that the quantity of ghrelin receptor was elevated in tubulus seminiferus in all groups compared to the control (p<0.001). The highest increase was in HVO+CHL group (G4) (p<0.001). The increase of ghrelin receptor level in tubulus seminiferus in HVO and CHL groups (G2-4) was inhibited in SP groups (G6-8) (p<0.001) (Fig. 2B, Fig. 2D ). In Leydig cells, the quantity of ghrelin receptor was elevated in HVO and CHL groups (G2-4) while HVO+CHL group (G4) exhibiting the highest increase, compared to the control (p<0.001) (Fig. 2C) . However, this increase was inhibited in CHL+SP and HVO+CHL+SP groups (G7-8) (Fig. 2D ) (p<0.001).
Apoptotic Index: Increased apoptotic index was seen in HVO and CHL receiving groups (G2-4, respectively) (p<0.001). There was no statistical difference between SP group (G5) and the control. In SP combination groups (G6-8), increased apoptotic index dropped close to the control value, but there was still a statistical difference compared to the control (p<0.001) (Fig. 3A) .
PCNA: Proliferation was low in SP (G5) and HVO+CHL+SP (G8) groups, compared to the control (p<0.001). A significant decrease in proliferation index (p<0.001) was also seen in HVO (G2) and CHL (G3) groups, whereas the increase was not significant (p>0.05) in HVO+CHL group (G4) when compared to the control (Fig. 3B ).
Histomorphometric Results: While there was a significant decrease of cell volume in SP groups (G6-8) compared to the control, a similar decrease in Leydig cell nucleus volume density (p<0.05) was found in HVO+CHL group (G4) (Fig. 4A) . Spermatocyte nucleus volume density was significantly higher (p<0.05) in CHL receiving groups (G3-4) in comparison with the control, but it has dropped to the control value when CHL was combined with SP (G7-8) or given alone (G5) (Fig. 4B) . There was no statistical difference between the groups in terms of other histomorphometric parameters investigated. 
Discussion
Several papers are available, which report a significant decrease in testicular weight of rats fed with a HFD (Yan et al. 2015 , Gujjala et al. 2016 , beside those reporting no significant difference in testicular mass (Hu et al. 2013 , Campos-Silva et al. 2015 . A previous study (El-Desoky et al. 2013 ) stated that administration of SP, suspended in water, by gavage for 60 consecutive days did not cause any significant difference in testis weights. Likewise, when compared to the control, HFD supplemented with SP (G6-8) did not make any statistical difference in the results of RTW, LTW, TTW and total testis weight/body weight ratio in our study.
Previously, some studies reported that HFD causes a decrease in plasma ghrelin levels in male mice (Briggs et al. 2010 ) and in Sprague Dawley rats (Lee et al. 2002 ). Yet, our study showed that serum ghrelin levels increase with the HFD, especially supplemented with combined HVO and CHL (G4). Increased serum ghrelin levels observed in the groups receiving CHL-supplemented diet were inhibited with SP supplementation (G8). This inhibiting effect was not seen in HVO+SP group (G6) compared to HVO group (G2). Our results which are discordant with those of the previous studies may arise from the different experimental periods, animal's species, and the source of HFD. It is so obvious from our results that S. platensis is effective in decreasing serum ghrelin level in rats fed a cholesterol-based HFD by means of its hypocholesterolemic effect reported elsewhere (Nagaoka et al. 2005) .
The amount of dietary fat and its composition, as well as the period during which the animals are fed a diet containing fat significantly affect the secretion and metabolism of androgens (Gromadzka-Ostrowska 2006) . A significant decrease in serum testosterone level has been reported in male rats fed a HFD in a study by Erdemir et al. (2012) although a mouse study stated that HFD does not cause any significant difference in serum testosterone level (Bakos et al. 2010) . On the other hand, serum testosterone level is in negative relation with ghrelin expression in Leydig cells (Ishikawa et al. 2007) , and ghrelin inhibits stimulated testosterone release, depending on the dose (Garcia et al. 2007 ). In our study the only statistically significant increase in testosterone level was seen in 
A B
C o n t r o l HVO+CHL+SP group (G8), but there was no decrease in ghrelin receptor levels in tubulus seminiferus and Leydig cells. On the contrary, increased ghrelin receptor levels were observed. However, the significant increase in serum ghrelin level did not cause any difference in serum testosterone level in HVO+CHL group (G4). A PCNA immunohistochemistry study reported a significant decrease in cell proliferation in the testis of Wistar rats fed a HFD rich in saturated fatty acids (Campos-Silva et al. 2015) . In a previous study using TUNEL method, apoptotic index was reported to significantly increase in testis of rats fed a HFD (Yan et al. 2015) . In accordance with these studies, apoptotic index was significantly higher in HVO+CHL group (G4), and cell proliferation was significantly decreased in HVO (G2) and cholesterol (G3) groups in our study. By contrast, there was a nonsignificant increase in cell proliferation in HVO+CHL group (G4). Our results on apoptotic index demonstrated that SP supplementation inhibited the significantly increased apoptosis in HVO+CHL group (G4). Moreover, SP supplementation caused the significantly decreased cell proliferation in HVO+CHL group (G4) to become close to the control. However, SP alone and combined HVO, CHL and SP significantly decreased cell proliferation.
From the previous studies ghrelin is known to inhibit cell death in cardiomyocytes and endothelial cells (Baldanzi et al. 2002) , increase cell proliferation in PC3 prostate cancer cell line (Jeffery et al., 2002) and in some human breast carcinomas cell lines (Cassoni et al. 2001 ). In our study both serum ghrelin level and its receptor level in tubulus seminiferus and Leydig cells increased in parallel to the significant increase of apoptotic index in HVO+CHL group (G4). However, increased levels of both serum ghrelin and its receptor in CHL group (G3) were inhibited with SP supplementation.
An in vivo study (Fan et al. 2015) demonstrated that the level of androgen receptor expression in testis was reduced and accompanied by decline in testosterone levels in mice fed a HFD. Similarly, our study indicated a decreased androgen receptor level in Leydig cells and Leydig cell nucleus volume density in negative relation with serum ghrelin hormone levels. Even though an increase was, regarding a HFD, observed in serum ghrelin level and ghrelin receptor level in tubulus seminiferus and Leydig cells, there was no statistical difference in serum testosterone levels compared to the control in our study. Kheradmand et al. (2009) reported that subcutaneous ghrelin administration led to a decrease in spermatogenic cell, Leydig cell and Sertoli cell numbers besides a decrease in tubulus seminiferus diameter and germinal epithelium thickness. Although an increase was present in serum ghrelin levels in the HFD groups of our study, differences in tubulus seminiferus, intertubular area, lumen of tubulus seminiferus, Sertoli cell nucleus, germ cell nucleus and elongated spermatid volume densities were not statistically significant. Moreover, a HFD caused a decrease in Leydig cell volume density and an increase in spermatocyte volume density in our study. These conflict findings may result from different ways of ghrelin application in the studies. Yet, the increased ghrelin level in the serum caused by HFD and the increase in the level of serum ghrelin resulting from ghrelin injection may exert different effects on the body due to the complexity of energy and ghrelin mechanism.
In conclusion, S. platensis was determined to have a positive effect on factors involved in spermatogenesis in testis tissue of animals fed on a high fat diet, especially cholesterol-rich diet. Further in vitro and in vivo studies, which will examine mechanisms of action of S. platensis on factors involved in spermatogenesis in detail, may contribute significantly to the prevention and treatment of nutritional causes of infertility problems.
